Analiza kvarnih stanja rotora vektorski upravljanog asinkronog stroja bez mehaničkog senzora brzine vrtnje by Teresa Orlowska-Kowalska et al.
Teresa Orlowska-Kowalska, Mateusz Dybkowski, Czeslav T. Kowalski





5.5.4; 3.2.1 Original scientific paper
In the paper an analysis of the Direct Field Control of induction motor drive with broken rotor bars is presented.
A drive system with and without a mechanical speed sensor is analyzed. In the sensorless induction motor (IM)
drive the rotor flux and speed is reconstructed with the use of a MRASCC estimator, where the induction motor
is used as a reference model. The stator current estimator and current model of the rotor flux are used as adapted
models. Most of the speed estimators used in sensorless drives are sensitive to motor parameter changes, especially
to the rotor resistance changes. The proposed MRASCC estimator is very robust to all motor parameter changes,
hence it should work properly in a faulty rotor. In the paper simulation and experimental results of the sensorless IM
drive with broken rotor bars are presented. Characteristic frequency harmonics of the IM state variables connected
with the broken rotor bars are introduced. The low speed region and the dynamic properties of the IM drive with
rotor faults are tested. The range of stable work of the control system is shown.
Key words: Induction motor, Vector control, Sensorless control, Speed estimator, Rotor flux estimator, Rotor fault,
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Analiza kvarnih stanja rotora vektorski upravljanog asinkronog stroja bez mehaničkog senzora brzine
vrtnje. U radu je prikazano izravno upravljanje poljem asinkronog motora s prekinutim rotorskim štapovima. Anal-
iziran je elektromotorni pogon s mehaničkim senzorom brzine i bez njega. Pri upravljanju bez mehaničkog senzora
brzine rotorski tok i brzina rekonstruirani su korištenjem MRASCC estimatora, pri čemu je asinkroni stroj korišten
kao referentni model. Estimator statorske struje i strujni model rotorskog toka korišteni su za adaptaciju modela.
Većina estimatora brzine vrtnje koji se koriste u pogonu bez mehaničkog senzora brzine osjetljivi su na promjenu
parametara stroja, posebno na promjenu rotorskog otpora. Predloženi je MRASCC estimator robustan na promjene
parametara motora pa je moguć rad i u kvarnom stanju rotora. U radu su prikazani simulacijski i eksperimen-
talni rezultati pogona bez mehaničkog senzora brzine pri prekinutim rotorskim štapovima. Uvedene su frekvencije
karakterističnih harmonika varijabli stanja asinkronog motora povezane s prekinutim rotorskim štapovima. Anal-
izirano je područje malih brzina vrtnje te dinamičke značajke pogona s asinkronim motorom s rotorom u kvarnom
stanju. Prikazano je područje stabilnog rada sustava upravljanja.
Ključne riječi: asinkroni motor, vektorsko upravljanje, estimator brzine vrtnje, estimator rotorskog toka, kvarno
stanje rotora, dijagnostika
1 INTRODUCTION
Induction motor drives are the most popular in industry
nowadays. Due to their low cost, reliability, and control
abilities induction motors (IM) are widely used in different
drive applications. On the other hand, the advanced con-
trol structures require state variable estimation [1, 2] what
is more, a modern drive system should be equipped with
diagnostic features to prevent damages and sudden switch-
offs of complex industrial installations. Thus the incipient
fault detection is recently one of the basic requirements for
modern induction motor drive systems [3]. Moreover, in
sensorless drives, the used state variable estimators should
be robust to motor parameter uncertainties, as the stator
or rotor winding faults cause changes in parameters of the
motor equivalent circuit.
In the direct rotor field-oriented vector-controlled in-
duction motor drives (DRFOC) the fault symptoms can
be observed as characteristic frequencies of stator current
components, rotor flux magnitude, control voltages and de-
coupling signals. So the monitoring of these signals can be
useful from the diagnostic point of view.
In this paper an analysis of a DRFOC induction motor
drive with a faulty rotor is presented with respect to direct
rotor speed measurement as well as a speed sensorless op-
eration. The rotor flux and speed are reconstructed by a
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MRASCC estimator [4] (based on Model Reference Adap-
tive System concept). Both simulation and experimental
results of an IM drive with broken rotor bars are presented
in the paper. The characteristic frequency harmonics of
the IM state variables connected with broken bars are in-
troduced and fault symptoms are shown. The range of the
stable operation of the control system with broken rotor
bars of the induction motor is presented.
2 SHORT DESCRIPTION OF THE CONTROL
STRUCTURE
The rotor flux-oriented vector control structure
(DRFOC) of the induction motor drive with a direct speed
measurement or speed reconstructed using MRASCC rotor
































































Fig. 1. Schematic diagram of the sensorless DRFOC drive
with MRASCC estimator
First the drive control structure was tested under faulty
rotor conditions with a direct speed measurement. Next the
influence of the broken rotor bars on the performances of
the sensorless control structure was investigated.
It is well known that a signature of broken rotor bars is
connected with the stator current harmonics of frequency
(1 ± 2s)fs, for net supply of an induction motor. In the
closed-loop control structure (DRFOC, etc.), the stator cur-
rents are determined by a control action, hence these signa-
tures can not be directly applied. Specific signature should
be found in signals available in the control structure.
The main goal of this research was an analysis of the ro-
tor fault influence on the control signals of the Direct Rotor
Flux Oriented Control structure (DRFOC) and determina-
tion of the fault signature visible in the chosen control sig-
nals. The study will enable the automatic detection of the
rotor fault in the future, using e.g. neural detectors based
on multilayer networks.
The other goal of the study was the application of such
speed estimator that enables the stable operation of the
drive even for relatively big number of broken bars. For
this reason the rotor speed and flux estimator MRASCC
was used, as it is very robust to motor parameter changes,
which was proved in [4,5]. A detailed mathematical model
and stability analysis of this MRASCC estimator is shown
in [6, 7]. This estimator consists of two independent mod-
els of rotor flux and stator current, which provide inputs to
the speed adaptation mechanism (as shown in Fig. 2). The
estimated speed value retunes the current flux model and
stator current estimator. The induction motor is used as
a reference in this MRAS and the measured stator current
is compared with the estimated current obtained from the
stator current model.
Fig. 2. Rotor speed reconstruction using MRASCC system
Fig. 3. Transients of the angular speed and the electro-
magnetic torque in the DRFOC structure under start-up
and load torque (mL = mN ) change, with 1 (first row)
and 8 (second row) broken rotor bars at t=1.5s
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Fig. 4. Transients of the internal signals of DRFOC structure in the vector-controlled induction motor under start-up and
load torque (mL = mN ) change, with 1 (first row) and 8 (second row) broken rotor bars at t = 1.5 s
Fig. 5. FFT spectrum of chosen signals in the DRFOC structure with 2 broken rotor bars; mL = mN ; form the left: first
row - stator voltage and current components in a-axis, stator current components in field-oriented coordinates, second
row – rotor speed, rotor flux magnitude, decoupling voltages in field-oriented coordinates
3 THE INFLUENCE OF THE ROTOR FAULT ON
THE SPEED ESTIMATION QUALITY – A SIMU-
LATION STUDY
3.1 Drive system operation with the speed measure-
ment
In the simulation tests a simplified mathematical model
of the induction motor with broken rotor bars was used [8].
The each rotor fault was modeled as a full broken rotor bar.
All simulation tests were performed in per unit values [4].
The squirrel-cage rotor of the tested IM consists of 22 bars.
The maximum number of broken bars was 8 in simulations
and the neighboring rotor bars were considered under fault.
In Fig. 3 transients of the rotor speed ωm, electromag-
netic me and load mL torques under start-up and load
changes of the drive system, in the case of sudden rotor
fault (at t = 1.5 s) are shown. Simulation tests of DRFOC
structure with different levels of faulted motor have en-
abled the observation of the internal signals of a control
system, what is shown in Fig. 4.
An analysis of these internal signals of the closed-loop
control structure makes possible a choice of the most suit-
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(a) Reference, measured and estimated rotor speed (b) Stator current components isx, isy (c) Decoupling signals ex, ey
Fig. 7. Transients for ωm = 0.05ωmN , mL = 0.2mN
Fig. 6. The relationship between the frequency of char-
acteristic rotor fault harmonic component and the load
torque value for 4 broken rotor bars
able ones for fault signature detection, It was concluded
that the most informative signals are: torque component of
the stator current isy , decoupling signals ex, ey , magnitude
of the rotor flux vector and the estimated rotor speed, as it
is shown in Fig. 3 and Fig. 4.
In Fig. 5 the FFT spectrum of chosen signals in the
DRFOC structure of induction motor drive with 2 broken
rotor bars is shown for the nominal load torque of the mo-
tor. It was found that characteristic frequencies occurring
in these signals do not depend on the actual rotor speed
value, but are closely related to the actual load torque value
and fault level.
The dependence of the frequency of the characteristic
rotor fault harmonic component fu = 2sfs (where fs –
frequency of supplying voltage of the motor) on the load
torque value in the case of 4 broken rotor bars is illustrated
in Fig. 6. Tests were performed for two reference speeds
of the motor. When the actual value of the load torque of
the drive system is known, this information can be used for
diagnostic purposes of the drive system. This relationship
was also confirmed in the sensorless drive system opera-
tion.
3.2 Sensorless drive system operation
Next the drive system was tested in the sensorless ver-
sion with the MRASCC speed estimator. Transients of
the drive system state variables under faulty conditions are
demonstrated in Fig. 7 and Fig. 8. In Fig. 7 the start-
up of the sensorless drive with the relatively low reference
speed ωm = 0.05ωmN is demonstrated. In t = 1 s the load
torque (0.2mN ) is applied. Then the following rotor faults
are simulated, starting from 1 broken bar in t = 2 s, till 8
broken bars in t = 9 s. Similar test results, obtained under
the full nominal load torque are presented in Fig. 8.
In the presented signals of the drive structure, the in-
crease of the rotor damage level is clearly visible and char-
acteristic frequency connected with rotor fault is observed.
The value of fault frequency grows, according to the in-
creasing fault level. For the same fault level it also grows
with the load torque value (see Fig. 7 and Fig. 8), in line
with correlation presented in Fig. 6.
Also the error between measured and estimated rotor
speed raises significantly, which results from the sensitiv-
ity of the control structure and speed estimator to change of
motor parameters due to the rotor fault. It should be men-
tioned, however, that the DRFOC structure with the pro-
posed MRASCC speed and flux estimator works in a stable
way in the whole speed range, as shown in Fig. 9. De-
spite the steady-state error increasing with the rotor fault
level, the drive system does not lose stability and the speed
estimator works properly, as it is less sensitive to motor pa-
rameter changes than other known speed estimators [5, 9].
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(a) Reference, measured and estimated rotor speed (b) Stator current components isx, isy (c) Decoupling signals ex, ey
Fig. 8. Transients for ωm = 0.05ωmN , mL = mN
(a) Reference, measured and estimated rotor speed (b) Stator current components isx, isy (c) Decoupling signals ex, ey
















Fig. 10. Schematic diagram of the laboratory set-up
Still, for the drive system operation in a very low speed
region (below 0.05ωmN ) and under full load torque, the
damage of a few rotor bars can result in lack of the system
response to the control signals, as seen in Fig. 8.
The sensorless drive works properly in the whole speed
Fig. 11. Broken rotor bars (a) and zoom of the 8 broken
rotor bars (b) using spark erosion machine
range under the nominal load torque for insignificant rotor
damage – in the tested case for maximum 3 broken bars.
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(a) (b) (c) (d)
(e) (f) (g) (h)
Fig. 12. Experimental transients of the sensorless drive with 2 broken rotor bars under reverse operation: (a,e) reference,
measured and estimated rotor speed, (b,f) speed estimation error, (c) hodograph of the rotor flux vector, (d) stator current
components isx, isy; mL = 0.1mN (a-d), mL = 0.5mN (e-h); ωm = 0.1ωmN
(a) Reference, measured and estimated rotor
speed
(b) Speed estimation error (c) Stator current components isx, isy
Fig. 13. Experimental transients of the sensorless drive with 2 broken rotor bars under load torque change from mL =
0.5mN to mL = 0.2mN ; ωm = 0.2ωmN
If the number of broken rotor bars grows, some problems
occur under motor start-up as well as under its operation in
a very low speed region (Fig. 8).
4 EXPERIMENTAL RESULTS
Experimental test of the DRFOC drive system with
healthy and faulty motor were performed in the laboratory
set-up equipped with a PC computer and DS1103 card, us-
ing the dSPACE software. The schematic diagram of the
experimental test bench is displayed in Fig. 10.
The experimental set-up is composed of an IM motor
(with changeable rotors) fed by an SVM-voltage inverter.
The motor is coupled to a load machine. The driven motor
has the nominal power of 1.5 kW. The speed of the drive
is measured by an incremental encoder (36000 imp./rev),
only for the comparison with the estimated speed in the
sensorless drive system. The stator current is measured
with LEM LA25 transducers. The control and estimation
algorithms are implemented in the DS1103 card.
In Fig. 11 the illustrations of the squirrel cage rotor with
damaged rotor bars of are shown. These rotor bars were cut
with the use of the spark erosion machine.
In the next figures experimental transients of the drive
system with faulty motor (with 2 broken rotor bars) are
presented for low reference speed values.
It should be noticed, that even such incipient fault level,
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as seen in the submitted figures, enables the proper conclu-
sion on the drive system condition. The significant speed
estimation error is visible after load torque change and the
characteristic frequency harmonic component caused by
the rotor fault can be detected in the rotor speed and torque
component of the stator current. The influence of the load
torque change on the operation quality of the sensorless
drive with a faulty induction motor is demonstrated in Fig.
12. The estimation error between the measured and esti-
mated rotor speed grows significantly, according to the in-
crease of the load torque value (Fig. 12 e-h). On the other
hand, the decrease of the load torque causes the expected
change in the fault frequency as well as a lower speed esti-
mation error (as in Fig.13).
Experimental results obtained for the sensorless drive
with a MRASCC estimator and faulty induction motor con-
firm simulation results. The steady-state speed estimation
error can cause some problems in the drive start-up, espe-
cially for the low speed region. But due to fault signature,
which can be observed in some internal signals of the con-
trol structure, even incipient rotor fault (1 or 2 broken rotor
bars) can be detected by a suitable diagnostic procedure.
5 CONCLUSION
The presented simulation and experimental results show
the possibility of stable operation of the sensorless DRFOC
drive system with faulted rotor only, when the suitable
speed estimator is used. The application of MRASCC ro-
tor speed and flux estimator [8, 9] enables such operation
of the control structure.
Selected internal signals of such a control structure can
be used as fault signatures for diagnostic purposes. If the
fault frequency fu harmonics are detected in these signals,
the fault severity is possible even for one broken rotor bar.
Even more important, for higher rotor speed references
the drive system with MRASCC estimator can work in a
stable way for much bigger rotor faults (three or more bro-
ken rotor bars), which is a significant advantage of the used
solution in drives which are subject to frequent damage due
to hard industrial conditions.
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